©

IEE{:' Journal of
Microwaves

MHz

MTT-S

to THz Communi ity

Received September XX, 2020; revised ; accepted October XX, 2020; Date of publication November XX, 2020; date of current
version November XX, 2020.

Digital Object Identifier 10.1109/10.1109/JMW.2021.3126927

Screen-Printable Flexible Textile-Based
Ultra-Broadband Millimeter-Wave
DC-Blocking Transmission Lines based on
Microstrip-Embedded Printed Capacitors

Mahmoud Wagih (Member, IEEE), Abiodun Komolafe (Member, IEEE), Nicholas Hillier

School of Electronics and Computer Science, University of Southampton, Southampton, SO17 1BJ, UK
CORRESPONDING AUTHOR: M. Wagih (e-mail: mahm1m19@soton.ac.uk).

This work was supported by the UK Engineering and Physical Sciences Research Council (EPSRC) under Grant EP/P010164/1 and
the European Commission through the EnABLES Project grant number: 730957.

ABSTRACT In this paper, a novel multi-layered microstrip line with built-in parallel-plate capacitors is
proposed for DC-blocking applications, with its transmission characteristics measured up to 50 GHz. The
microstrip lines are fabricated via screen printing directly onto polyurethane films laminated on standard
textile substrates which would otherwise be unsuitable for printing. Compared to a standard microstrip
line on the same substrate, the proposed 10 cm-long line on felt (with an embedded 44 pF capacitance)
suffers from less than 0.1 dB higher insertion loss up to 4 GHz. Furthermore, varying the overlapping
length of the lines and hence the capacitance enables the realization of DC blocking and —3 dB high-pass
filtering with pass-bands starting between 88 MHz and 1.2 GHz. This is achieved without altering the
cut-off frequency of the microstrip line’s mode-free propagation, measured up to 50 GHz, exhibiting a
low attenuation of 0.32 dB/mm at 50 GHz on a felt fabric substrate. Compared to a lumped capacitor, the
proposed microstrip-embedded printed capacitor demonstrates a significant improvement in mechanical
reliability, withstanding over 10,000 bending cycles, and RF power handling with under 6°C temperature
rise at 1 W. The lines are fabricated on two textile substrates and their transmission characteristics were
measured up to 50 GHz, which represents the highest frequency characterization of textile-based lines
to date, demonstrating a stable group delay and insertion losses. Based on the proposed multi-layered
integration method, low-cost screen-printed microstrip-embedded capacitors on textiles can be used for
microwave applications up to mmWave bands.

INDEX TERMS Additive Manufacturing, Capacitors, DC Block, High-Pass Filter, Microstrip Lines, Printed
capacitors, Radio Frequency (RF), Textile capacitors, Transmission Lines

I. Introduction

LEXIBLE, printable, and conformable microwave and

millimeter-wave (mmWave) components have attracted
significant research interest for a variety of Internet of Things
(IoT) and 5G+/6G applications [1], [2]. Wireless com-
munication antennas [3], energy harvesting rectennas [4],
mmWave imaging arrays [5], and RFIC packaging [6] are
among the applications tackled through additive manufac-
turing of microwave and mmWave distributed components.
Furthermore, the realization of individual components such

as RF capacitors using inkjet [7] and 3D printing [8] has been
demonstrated. In low-cost, large-area, printed electronics,
and wearable applications, it is desirable to minimize the
lumped components count in the system and utilize printed
components to maximize flexibility [9].

Shortly after the early development of planar microstrip
transmission lines, DC-blocking microstrip lines attracted
significant interest [10], [11], [12], [12], [13]. In planar
microstrip technology, DC-blocks are typically realized using
coupled lines [13]. As a result, they are often integrated
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within filters or impedance transformers [14], and have
a narrow pass-band. “Broadband” DC-blocking lines have
then been reported based on a variety of planar interdigital
capacitors and tightly-coupled lines [13], integrated within
a signal line [11] or a microstrip ground plane [12]. Yet,
their bandwidth rarely exceeds 100% relative bandwidth
making them less effective than lumped capacitors for ultra-
broadband DC blocking applications, where the pass-band
is limited to a single-band such as the Ka-band [12] or the
V-band [15]. In addition, the use of interdigital capacitors
requires a high resolution fabrication method, not achievable
using standard PCB manufacturing, should the transmission
line achieve a sufficiently high capacitance for a sub-1 GHz
pass-band [16]. Emerging discrete capacitors have been
shown operating up to 16 GHz using artificially engineered
materials realized using additive manufacturing [8]. How-
ever, the achieved high (>1 pF) capacitance is still dependent
on a discrete, rigid, lumped component, which is unde-
sirable in flexible and wearable applications. Furthermore,
despite the growing popularity of additively-manufactured
microwave components including multi-layered microstrip
lines operating up to 10 GHz [17], there are no reported
broadband DC-blocking lines implemented using additive
manufacturing on low-cost flexible substrates. To explain,
while paper-based capacitively-coupled coplanar waveguides
were realized for 1-5 GHz applications, their measured Sy
response was highly unstable with an insertion loss over
2 dB/cm, as low as 5 GHz, with a non-uniform phase
response [18].

Following the increased popularity of additively manufac-
tured RF components, printed capacitors have been realized
on flexible polymer [7], [19], and silicon substrates [20].
Inkjet printing, owing to its ability to produce thin dielctric
layers was used to realize RF capacitors on Liquid Crystal
Polymer (LCP) with a sub-3 GHz cut-off-frequency [7].
Nevertheless, the demonstration of microwave inkjet printed
capacitor, up to 3 GHz, has been limited to smooth and
homogeneous substrates such as LCP and silicon, using a
layer of costly SU-8 polymer as the bonding interface. A
range on inkjet printed microwave and mmWave transmis-
sion lines have also been demonstrated and characterized up
to 30 GHz, on smooth low-loss LCP substrates [3]. Although
a screen-printed textile-based mmWave antenna was recently
demonstrated at 77 GHz [5], all reported textile-based trans-
mission measurements of textile-based printed transmission
lines were limited to sub-10 GHz measurements [21]. To il-
lustrate, while several aerosol-jetted lines were characterized
up to 110 GHz [22], [23], such implementations are only
possible on smooth and homogeneous substrates with high
thermal reliability, such as LCP and polyimide, and are not
suitable for use with rough substrates such as conventional
fabrics and paper. In addition, the mechanical reliability of
such implementations against repeated bending, typical for
wearables, was not explored.

On textiles and other rough lossy substrates, realizing
high-frequency components resembles a challenge. Printed
interface layers as well as laminated polymers have been
used to enable sub-6 GHz antennas to be implemented on
fabrics [24], [25]. At mmWave bands, antennas and rectennas
with distributed matching have been realized on textile
substrates using homogeneous copper films and laminates
[26], [27], and more recently using screen printing to realize
a simple microstrip antenna array [5]. Active microwave
circuits have also been integrated in embroidered e-textiles
but only in the sub-6 GHz spectrum [28]. Lumped textile
components, namely capacitors, have been realized using
inkjet printing but only for low frequency applications [29],
where all the sub-6 GHz RF passives have only been
demonstrated on smooth polymers and up to 5 GHz [19].

In this paper, a novel multi-layered microstrip line is
proposed for ultra-broadband DC-blocking applications. The
lines are implemented on a textile substrate with impregnated
capacitors based on a standard low-resolution screen printing
method. Operating up to 50 GHz, the proposed DC-blocking
microstrip line represents the highest frequency application
to date of a printed capacitor, and the widest bandwidth
DC-block reported in literature. Moreover, the presented
50 GHz transmission characteristics represent the highest
frequency characterization of a printed ink-based microstrip
implemented on a textile substrate. In Section II, the design
and fabrication method of the proposed line are presented.
Section III then presents the simulated and measured per-
formance of the microstrip lines compared to conventional
lumped capacitors. Section IV presents the modelled and
measured transmission results of the capacitor-impregnated
lines up to 50 GHz, demonstrating their suitability for
mmWave applications.

Il. Printable Embedded Microstrip Capacitors

A. Microstrip Capacitor Design and Simulation

The proposed capacitor structure is based on a multi-layered
microstrip line, with a low-cost dielectric laminate embedded
between the overlapping lines. The equivalent circuit model
of a typical lumped capacitor is shown in Fig. 1(a). The
capacitance of the overlap region, C;, can be calculated
using the simple parallel-plate capacitor formula given by

A 1
0ry (D
where A is the area of the overlap between both lines
(X x w), and t is the height of the dielectric layer embedded
between both microstrip sections. Fig. 2 shows the layout (a)
and cross-section (b) of the proposed microstrip-embedded
capacitor. The analytical model is used to calculate the lines’
response up to 50 GHz in Section IV-A, and its limitations
are further discussed compared to the experimental charac-
terization and full-wave simulations.

Prior to analyzing the performance of the microstrip-
embedded capacitors, the standalone parallel-plate capacitors
were simulated in CST Microwave Studio to verify the areal

C]_:
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FIGURE 1. Equivalent circuit models: (a) the standalone printed
capacitor; (b) the microstrip-integrated capacitor, including a loss-less
transmission line equivalent circuit per unit length ( = z).

FIGURE 3. Simulated capacitance of the standalone capacitors, with no
microstrip feed, for two dielectric heights t.

with a SRP 2 GHz. Theset and , values can be real-
ized based on commercially-available polyimide (Kapton) or
polyurethane Ims. The simulated capacitance and SRF are
in line with previously reported RF capacitors realized using
inkjet printed dielectrics of <10 m [20]. A reduction in

t improves the areal capacitance and the SRF of a capacitor
of the same value, as observed in Fig. 3.

B. Textile-Based Microstrip Capacitor Fabrication Method
The proposed microstrip line is demonstrated for wearable
e-textile applications through screen printed silver traces on
two textile substrates, 1.0 mm-thick felt and 0.44 mm-thick
polyester cotton. Felt is a very rough non-woven fabric which
is typically considered unsuitable for screen printing [30].
FIGURE 2. Layout of the proposed microstrip-embedded capacitor: (a) To _overcome fab_nc roughnes_s, a prlnted mte_rfac_e Iayer IS
XY layout of the microstrip line; (b) cross-section of a DC-blocking line; typically used prior to depositing the conductive ink [24].
(c) cross-section of a DC blocking line and ground. However, for a rough substrate such as felt, this will require
several prints to achieve a smooth surface, increasing the

capacitance and observe the self-resonance frequency (Sfgbrication time. Moreover, printed interface layers suffer
The capacitors were simulated using a discrete port througf@m a high tan over 0.05 [30], making them a less-
the gap. A xed line/capacitor widthw is assumed with Preferred choice for microwave applications.

varying capacitor lengttx and dielectric height. Fig. 3 ~ Commercially-available polyurethane (PU) Ims, of
shows the simulated capacitance of parallel plate capacit§fs M thickness, are used as the interface layer. First, the

for varyingx andt. The capacitance has been calculated &crostrip line is screen printed on the PU Im, using low-
: temperature silver ink from Smart Fabric Ltd., as shown in
C= 1=(j! =f Z1;0); (2)

Fig. 4. The printed Ims are cured at 7G before adhesion
whereZ is the simulated input impedance calculated fromwith the fabric substrate. The cured PU+silver Ims are then
the S;; of the standalone capacitor. Calculating the cdreat-pressed onto the felt for 30 s, at 1€0To realize the
pacaitance from the measured or simulafaqd introduces overlap and subsequently the capacitor, the silver microstrip
a non-physical frequency-dependent response near the 3RE is bonded over the existing line, on the felt substrate,
of the capacitors, wheref Zg approaches 0. Therefore, therealizing the multi-layered structure shown in Fig. 4(e). For
capacitance calculated from (2) is only valid below the SREhe UHF measurements, the SMA connectors are attached
in the “ at” region of the capacitance curve in Fig. 3. Into the lines using silver-loaded conductive epoxy. As for the
the fabricated prototype,will be limited by the fabrication mmWave measurements, solder-free 2.4 mm connectors are
process, and the interface layer used as the substrate inubed. The same approach could be utilized when assembling
microstrip transition. the ground plane, realizing a ground-embedded capacitor for

As observed in Fig. 3, for a 75m-thick interface with DC blocks, as shown in Fig. 2(c). The fabricated prototypes
r = 3:2, a capacitance over 10 pF could be achieveate shown in Fig. 5.
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FIGURE 4. Fabrication steps of the proposed multi-layered
screen-printed microstrip: (a) screen printing of the silver traces on the
PU Im; (b) silver traces curing; (c) the cured silver-on-PU trace ready for
lamination onto other substrates; (d) heat-pressing on a rough textile
substrate; (e) the assembled multi-layered structure using steps (a)-(d).

The proposed fabrication method is chosen over inkjet
printing due to its suitability for roll-to-roll manufacturing,
and for achieving thicker conductor layers with rapid ink
deposits (under 10 s) compared to the more time-consuming
inkjet printing. Furthermore, the selected PU interface en-
ables the realization of capacitors on a rough substrate,
which was not used in any microwave application above
6 GHz, due to the dif culty of fabricating reliable ne-
featured mmWave structures. As shown in the Scanning
Electron Microscope (SEM) micrograph in Fig- 5(0), the PWcures. Photographs and micrographs of the fabricated capacitor on
Im, relatively smooth comapred to the fabric, acts as aafelt substrate: (a) reference microstrip line with a lumped capacitor
interface layer between the silver layers, enabling a mof uize;ﬁZng’gggdb‘j:;g’ii:’;;ﬁgs";v'(tg;[‘h‘z';fg;j:;‘j”l'i’:%mﬁap““°rS
uniform structure than mk]et p”med capacitors on teXt'I%icrostrip—embedded capacitance, the inset shows the line after 10,000
susbtrates [29]. Methods including the use of wooden stemading cycles; (c) SEM cross-section of the line's top layer and substrate
cils have been proposed for standardizing the alignment p¥in9 fts composition.
multi-layered textile-based lines and antennas [31], showing
that the proposed approach can be applied in large-scale

manufacturing. parameters is the response of the equivalent capacitor circuit
model integrated with a closed-form microstrip model, as

IIl. Capacitor-Impregnated Microstrip Characterization well as the CST full-wave model of the full line with the

A. Microstrip S-Parameters Measurements capacitive overlap. The equivalent circuit model parasitic

The fabricated microstrip capacitor prototypes were meparameters (i.e. inductance and resistance), from Fig. 6(a),
sured using a Vector Network Analyzer (VNA) to charwere extracted from the simulate®; of the standalone
acterize their two-port characteristics. A 3.5 mm TOSMapacitor asL;=0.048 nH,R;=0.1 . C; was calculated
calibration was used with a Rohde & Schwarz ZVB4 VNAas 23.4 pF using (1) for,=2.2, x=10 mm, w=6 mm,
for the 150 KHz to 4 GHz measurements. Beyond 4 GHz, amd t=0.05 mm. Observing the simulated, calculated, and
Agilent E8361A PNA, calibrated using a 1.85 mm SOLT Emeasured response, it can be observed that the lines are in
calibration kit, was used to perform the s-parameter measugeod agreement with under 2 dB discrepancy below 1 MHz,
ments up to 50 GHz. As the PNA measurements are limitedd around 0.5 dB variation at higher frequencies.
by their lower sweep frequency of 10 MHz, essential to Three lines have been fabricated with an overlap of 4, 8,
characterize the DC-blocking properties of the line, the lovand 10 mm overlapL =100 mm andW =6 mm are chosen
frequency performance of the lines was fully characterizeéd maintainZ, 50 , based on the dielectric properties
using the 150 kHz—-4 GHz ZVB4 VNA. (r=1.2; tan=0.02) andh=1.1. The lines had a measured

In Fig. 6(a), the analytically calculated capacitance, calciew-frequency capacitance of 12, 20, and 44 pF, respectively.
lated from the input impedance, is shown alongside the 3he difference between the measured capacitance and the
simulated of av=6 mm andx=10 mm standalone capacitorideal parallel-plate calculation using (1) is attributed to the
on felt, showing a close agreement. The line in which theon-uniform height of the dielectric layer. Furthermore, as
capacitor was embedded, with=100 m, was fabricated andobserved in the SEM cross-section in Fig. 5(c), the capacitor
its Sp1 was measured experimentally. The measured forwdpdl) dielectric interface suffers from non-uniformities mani-
transmission of a microstrip line fabricated with a 10 mrfesting as air gaps, which are expected to reduce the areal
overlap is shown in Fig. 6(b). Alongside the measured sapacitance. The two-port s-parameters of the lines were
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FIGURE 7. Measured s-parameters of the capacitor-impregnated
microstrip lines showing over 60 dB  S»; isolation at 150 kHz: (a)

FIGURE 6. Performance of the 10 mm-long capacitor-impregnated broadband S .11 ] logarithmic plot; (b) the pass-band of the lines; the
microstrip: (a) analytical and full-wave numerical capacitance of the 12-44 pF capacitances refer to the low-frequency parallel-plate printed
standalone capacitor; (b) analytical, numerical, and experimental Sy of capacitors.

the 10 cm-long microstrip line on felt with a 10 mm capacitor.

arameters of the lines were measured before and after
measured using the VNA from 150 KHz to 4 GHz, Fig. ﬁending, and are shown in Fig. 8.
shows the measured s-parameters of the lines. As observed in the measure®; in Fig. 8, the DC-
Observing Fig. 7(a), it can be observed that the capacit¢fgcking line based on the lumped capacitor fails after
provide over 50 dB high-pass ltering under 200 kHzgpproximately 8,000 cycles by peeling off the silver traces.
The pass-band, i.€5, > 3 dB, is found to have a Thjs js visually shown in the inset of Fig. 5(a), where not
tunable starting frequency ranging from 88 to 1.2 GHz, withnly does the capacitor detach from the microstrip line, but
the Sy; response at higher frequencies being similar 10 jggis0 causes additional cracks around its original mounting
standard microstrip line with no capacitors or DC blockingads_ On the other hand, the proposed printed line main-
elements. To explain, in the 1-4 GHz region, shown igins its functionality with a matched input impedance for
Fig. 7(b), the lines maintain a stat#; response indicating over 10,000 bending cycles, resulting in an almost pristine
mode-free propagation along the microstrip line, as welhpearance in the inset of Fig. 2(b). The increase in the
as indicating that the cut-off frequency of the microstripgertion losses observed between the unbent and the bent
embedded capacitor is higher than the operation frequengyes of approximately 8 dB, is attributed to the increase in
For benchmarking, a standard microstrip line containing e Ohmic resistance of the line, due to the micro-cracks in
DC-blocking capacitive overlap was measured experimefie printed silver traces. In addition, the repeated abrasion of
tally. It was found that, up to 4 GHz, tH#, of the standard the ground plane with the bending rig over the 10,000 cycles
line was only 0.2 dB higher than the capacitor-impregnatggcreases the resistance across the ground plane, contributing
line, highlighting that the capacitors add minimal losses 1@ the additional losses. However, it can be seen through the

the lines. input impedance plot, th§gS;1j, as well as thgS,;j that
the microstrip line is still operational with a matched input
B. Mechanical Reliability impedance. This test represents a signi cant improvement in

A further benet of the proposed microstrip-embedded cahe number of bending cycles over existing reliability tests
pacitor over lumped components is the improved mechanicdl RF textile components [32], which are often limited to
reliability. To demonstrate the suitability of the recti er tounder 500 bending cycles.

wearable applications, both the 0603 SMD capacitor and theAlong with being able to withstand repeated bending,
proposed printed capacitor have been subjected to repetitierible and wearable components are expected to withstand
bending around a 5mm radius for 10,000 cycles. The washing. The microstrip line with an embedded 5 mm-long
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FIGURE 8. Measured s-parameters of the printed and lumped capacitor
before and after 10,000 bending cycles showing the lumped capacitor's
failure manifesting as a mismatched  Sj; .

capacitor has been subjected to 10 hand-washing cycles at
room temperature. The line was washed for at least ve
minutes with continuous stirring for each cycle, before being
dried out for a further 5 minutes prior to measurements.
Hand washing has previously been used to investigate the
performance of wearable mmWave antennas [27]. The s-
parameters of the line have been measured before washing
and after each washing cycle, and are shown in Fig. 9. The
washing test is detailed in the Supplementary Table I.

Observing the measuref,; of the fully-dried sample FIGURE 9. Measured s-parameters of the printed microstrip line with
afte the 10 cycles, the change in the insertion losses is EFET7 C0N SR Sumera ogen ), 2o s e
minimal, demonstrating the printed silver traces’ durabilityied) washing; (c) the pass-band of the lines showing minimal
against water. Moreover, the match8¢, < 10 dB and attenuation variation.
the uniform S,; responses indicate that the lines maintain
their functionality following repeated washing. The wet
lines, where their mass increased by 100% due to the water
content, suffer from a mismatched response as well as higRelPower handling under 0.2 W, with the highest power
attenuation. This is attributed to the high real and imaginaRgndling capacitors (1210 package) rated at 0.34 W [35].
permittivity of the water-soaked fabric, resulting in the line'd he power handling was de ned in such measurements as
impedance drifting away from 50 . Such a change hasthe power level at which the capacitor's temperature rise
been widely reported in exible and e-textile component§xceeds 20C above room temperature [35].
and has potential applications in humidity and moisture In order to demonstrate the suitability of the capacitor-
sensing [33], and will be present in any non-waterproof &npregnated microstrip lines for high-power applications,
textile microwave component. THg; at 150 kHz is under the lines were tested for al W RF input. A 41 dB gain

50 dB for all measurements, with the fully-dried samplini-Circuits ZHL-424W+ power ampli er (PA) was used
maintaining arS;;= 56.5 dB. Additional durability against to amplify the continuous wave (CW) input to the microstrip
machine washing and repeated abrasion can be achielid@ generated using the ZVB4 VNA at 2 GHz, using the
using an encapsulating superstrate based on a thin polyimf§up shown in Fig 10(a) and (b). With a5 dBm input
or PU Im, which were previously used to enable exibleat the amplier (15 dBm CW input 20 dB attenuator),
RFID antennas to withstand at least 30 machine washifg amplier is expected to operate near its third-intercept

cycles [34]. with an output in excess of 30 dBm (1 W). The output of
the ampli er was connected directly to the input of the felt-
C. High-Power Handling based line using an SMA adapter. The output of the line is

In addition to the improved mechanical reliability rel-connected to a 3 dB attenuator and subsequently fed into a
ative to a surface-mount 0603 RF capacitor, the dis0 SMA coaxial termination. Thé&;; of the resistor and
tributed microstrip-embedded capacitor exhibits improveattenuator-terminated line was measured to be un@érdB.
power handling compared to lumped parts. For examplg, Fluke Ti 125 thermal imager was used to measure the
commercially-available AVX 0603 SMD capacitors exhibitemperature across the line, shown in Fig. 10(c) and (d).
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FIGURE 11. Photographs of (a) the polyester-cotton
microstrip-embedded capacitor with the 2.4 mm coaxial connectors; (b)
the measurement setup.

FIGURE 12. Measured surface pro le of the DC blocking line on a woven
polyester-cotton substrate: (a) 2D plot of the height at the signal-line

FIGURE 10. Demonstration of the microstrip capacitor's high power capacitor; (b) 3D plot of the ground plane capacitor.
handling capabiilty: (a) experimental setup schematic; (b) setup
photograph; (c) thermal image for a 2 GHz sub-0 dBm input; (d) thermal
image for a2 GHz 1 W input. is realized based on 0.44 mm-thick woven polyester cot-
ton fabric. The dielectric properties of the substrate were
To begin with, a small-signal 2 GHz input (under O dBmjneasured using a T-resonator to hel.7 and tan=0.017
is fed through the line, to observe the temperature acrasts4 GHz. The lines were designed with50 mm and
the line under low-power signal transmission, and to obserwe=1.6 mm, to maintairZ, 50 . This is attributed to the
the rise in temperature T at high power levels. Fig. 10(c) overall substrate height increase to 0.53 mm after laminating
shows the temperature across the line,24t the capacitive the PU Ims onto the fabric. Fig. 11 shows photographs of
junction, prior to increasing the RF input power. The CWthe connectorized capacitor-impregnated microstrip and the
input was then raised to 15 dBm, resulting in over 1 W beingxperimental setup. The line was assembled with a capacitive
transmitted through the microstrip line. Fig. 10(d) shows th@C-blocking element ofx=1.9 mm embedded within the
thermal image of the microstrip line with a 1 W 2 GHz inputsignal trace (top-layer) and the ground plane (bottom-layer),
Based on the observed Q rise for a 1 W input, it can be not visible in the photograph.
observed that the power handling of the microstrip line is The height and length of the capacitive overlap, as well
over 1 W, signi cantly higher than that of the commerciabs the surface roughness of the silver trace were measured
capacitors which undergo a 2CC temperature rise for a using an Alicona optical surface pro ler. Fig. 12 shows the
<0.4 W input. Moreover, throughout the entire line, it cameasured 3D surface prole of the microstrip line. It is
be observed that the maximumT is under 6C, indicating observed in Fig. 12(a) that the height of the microstrip line
the line's suitability for high-power applications such as & can vary by over 200 m, explaining the observedg
PAs output bias network. The measured thermal responsen-uniformities hindering arg;; < 20 dB. Moreover,
is linked to the measured low insertion loss, in Fig. 7(b}he height of the printed microstrip traces closely follows
of 0.5 dB, indicating that around 100 mW from the 1 Wthe diagonal weave pattern of the substrate, causing height
2 GHz signal dissipates through the line. On the otheariations up to 50 m. While the uncoated fabric's measured
hand, the lumped capacitor line had 8 of 1.5 dB at roughness exceeded 100n, the surface roughness of the
2 GHz, explaining the higher T of lumped capacitors, [35], printed silver line varied in the 5-40m range. An RMS
compared to the printed microstrip-embedded capacitor. roughness of 25 m was subsequently introduced to the
3D CST full-wave simulations of the line based on the loss

IV. Millimeter-Wave DC-Blocking Microstrip Line model from [36].
A. mmWave Capacitor-Impregnated Microstrip Design The polyester-cotton microstrip line, in Fig. 11(a), was
and Characterization simulated with the 2.4 mm connectors. The simuldectld

The proposed DC blocking lines were investigated for omver the line, excited using a wave-port, are shown in Fig. 13,
eration in the mmWave spectrum. An additional capacitérom 10 MHz to 50 GHz (the measurement bandwidth). The
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FIGURE 14. Simulated (dashed), analytically-calculated (dotted), and
measured (solid) s-parameters of the polyester-cotton microstrip line,
demonstrating its functionality up to 50 GHz.

FIGURE 13. Simulated E - eld plots of the microstrip line: (a) XY elds at of the silver layers in the CST model iss1 10° S/m with

10 MHz showing the low- f stopping properties; (b) 4 GHz XY plot; (c) 25 a surface roughness of 25n.

GHz XY plot; (d) 40 GHz XY plot; (e) cross-sectional YZ plot of the . .

capacitor at 10 MHZ; (f) YZ plot at 4 GHz: (g) YZ plot at 50 GHz. On the other hand, the closed-form microstrip model

signi cantly underestimates the insertion losses increase with
frequency from around 8 GHz. The lines were modelled

DC-blocking and high-pass Itering properties of the line ar@ased on the Hemispherical roughness model [37], imple-
C|ear|y visualized in F|g 13(a) and (e), where und&0 dB mented within KeySIght ADS, with the measured I’OUghneSS
of the maximumE - eld propagates to the output. At 4, 25 Parameters shown in the Supplementary Fig. 2. This discrep-
and 50 GHz, it can be observed that the signals transiti8ACY highlights that a more accurate model aimed towards
smoothly across the gap. However, the 50 GHzeld plot  fough printed conductors may be required for accurate loss
shows the radiative losses of the microstrip line which woufglculations, to match the level of accuracy achieved using
be present in a microstrip line with the same dimension#le 3D full-wave simulated losses up to 40 GHz. However,
regard|ess of the existence of the DC-b|Ocking Capacit@'_s the circuit model in F|g 1 is aimed towards the CapaCitOI’
Furthermore, despite there being a ground-plane slit at & opposed to the microstrip feed, improving the accuracy
ground DC blocking capacitor, it can be observed that i the closed-form loss model is beyond the scope of this
radiative E - eld losses are caused by the gap, as Shov\mork. To i”ustrate, the Close-agl’eement between the calcu-
in the cross-sections in Fig. 13(f) and (g). The simulatdgted, simulated, and measur&g, validates the proposed
s-parameters response of the microstrip line, shown in th@Pacitor equivalent circuit model up to 50 GHz. A ner
supplementary Fig. 3, without coaxial connectors, indicaté§d more distributed model utilizing additional inductive
its ability to operate up to 110 GHz with a match&g, and capacitv&, elements may be required to model the DC
response, subject to the materials maintaining their propertfdgcking line at frequencies beyond 50 GHz.
in the 50-110 GHz range. Nevertheless, our experimental
validation is limited to 50 GHz due to the experimental setuB, 50 GHz Printed Textile Microstrip Transmission
hence all the results presented in this section are limited N@asurements
50 GHz. To-date, there has been limited investigations of the trans-
Fig. 14 shows the full-wave simulated, analyticallymission properties of textile-based microstrip lines beyond
calculated using the equivalent circuit model in Fig. 1(b), dd-0 GHz. Embroidered lines were compared in [21] but
tailed in the supplementary Fig.2, and measured s-parametamfy up to 6 GHz. Where mmWave antennas were imple-
of the line up to 50 GHz. The simulated and measured valueented on textiles [38], [27], the insertion losses in fabric-
exhibit a good agreement in the pass-band and attenuati@sed microstrip lines were experimentally measured up
up to 40 GHz. Beyond 40 GHz, it can be observed th&d 67 GHz. Nevertheless, the aforementioned lines, [38],
the simulated losses are lower than the measured lossed4¥}, were realized using smooth and homogeneous copper
around 2 dB, which is attributed to the inhomogeneity afheets manually attached onto the substrate. Therefore, the
the printed ink layer. Previously reported characterizatiomseasurements reported in this section represent the rst
of printed lines in the mmWave range also exhibited discrepxperimental characterization of a printed textile microstrip
ancies of over 5 dB beyond 30 GHz [23]. The conductivitline up to 50 GHz.
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